Introduction

22
Stochastic hydrogeology has been a topic in WRR and other journals for over 40 years.
23
Arguably, the topic reached its maturity more than a decade ago. In parallel, numerical 24 modeling has become routine in hydrogeological studies. In spite of this, non-deterministic 25 models have not reached practitioners. In this debate paper we want to stress the limitations 26 of stochastic modeling when applied to real applications, comment on the reasons why 27 stochastic models fail to become an attractive alternative for practitioners, and suggest tips 28 that may improve our ability to produce transferable non-deterministic models.
29
Spatial variability and uncertainty
30
Heterogeneity is a fundamental property that must be accounted for when studying natural 31 processes. One approach is to consider groundwater parameters as regionalized variables, or 32 spatial random functions (SRFs) based on the principles stated by Matheron (1965) . An SRF,
33
( , ), is a function of space whose outcome is non-deterministic. For any number of points 34 ( ,… , ), ( , ) … ( , ) are non-independent random variables and all the body of 35 statistics based on Kolmogorov's axioms apply. On the other hand, fixing = 0 , we get one 36 realization of the random field, a single space function, and all the body of calculus applies.
37
The collection of all the space functions for the different values is called the ensemble. 
76
Instead, stochastic approaches are motivated by recognizing both the importance of spatial 77 variability and the impossibility of fully and precisely describing the statistical characterization 78 of hydraulic parameters in full. Thus, the need for simplifying assumptions, such as log-79 conductivity being fully characterized by two-point statistics (e.g., being multinormal, bimodal 80 or defined as a suite of indicator functions), or else using reconstruction methods based on a 81 combination of data and a priori defined spatial shapes (e.g., multiple point geostatistics).
82
The problem of scales
83
We consider spatial variability at four different scales: pore, local, formation, and regional.
84
Early and most successful results in stochastic hydrogeology correspond to the regional scale,
85
such as the derivation of effective hydraulic conductivity [Matheron, 1967; Gutjahr et al., 86 1978] or that of macrodispersion [Gelhar and Axness, 1983 ] as a function of some statistical 87 parameters of hydraulic conductivity, . While effective values are still used routinely in 88 numerical models, the concept of macrodispersion was rapidly challenged, once it was clear 89 that solute transport was always non-ergodic [Kitanidis, 1988] . This is actually a key point. If 90 macrodispersion is invoked, deterministic transport models would suffice (no need for 
99
Stanford University in a talk given in 1992: "…if I ever find myself crossing paths with 100 somebody using unconditional realizations, I will cross the street".
101
The local scale is the one used to define the governing equations used in most hydrogeological 
107
The question is then how and up (or better down) to what size we need to take our models
108
and whether there is a clear gain in using stochastic descriptions of reality. 
140
Variations in are never properly characterized (we will emphasize this point later) and at 141 most they are hypothesized or estimated from weak correlations with other parameters.
142
(5) In unsaturated flow, water retention curves or relative permeability functions are 143 mostly empirical and therefore they are site specific and dependent on window resolution. 
187
In conservative transport the situation is radically different than for flow. As discussed later,
188
there is a strong division in the community regarding the governing equations that should be 189 used, and on the most appropriate numerical methods to solve them.
190
As the variable of interest in transport is solute concentration, it seems adequate to use an
191
Eulerian approach, with traditional numerical methods (e.g., finite differences or finite 
234
(2) observation of aquifer outcrops reveal the presence of high permeable interconnected 235 structures at the sub-meter scale sandwiched between low-permeability units.
236
Interestingly, it turns out that by simply adding a single-rate mass transfer term into the local 237 ADE, the simulated front edge of the plume significantly improves (Figure 2 
256
Going back to the MADE site, let us assume that transport is controlled by diffusion from low 257 permeable areas. Fernàndez-Garcia and Sanchez-Vila [2015] showed that when the memory 
295
Notice that we are adopting here a simple explicit scheme just for the purpose of illustration
296
(most probably it would be the worst numerical scheme to use in any real application). The 297 transport equation for (we could also write the one for ) is
299 where (·) stands for any transport operator. If we were solving the reactive problem in some 300 coarse mesh, the total reaction at time in one element of the mesh would be
302
In (3), , are the point concentrations that can never be estimated with certainty, and so the 303 need to map some smoothed version of the concentrations � , � using any of the transport 304 equations already discussed. Now, it turns out that in volume , � , � can coexist, and that
306
If transport was conservative, we could write an upscaled equation for � as already presented,
307
but since reaction will take place, the governing equation would look like 
359
Assuming that 0 + Δ 0 ≪ , and integrating (7) in space and time we obtain that the total 360 amount of mineral precipitated is proportional to the square root of and given by 
367
The most important disadvantage of Eulerian methods is that the inherent truncation errors 
376 where is the dispersion coefficient exhibited by the computer simulation and is the 377 true value. For a wide range of schemes this can be explicitly written as [Peaceman, 1977] 378
379
where α is the spatial weighting factor for the advective flux and is the temporal weighting 380 factor (explicit, implicit or Crank-Nicholson). Combining (8) and (9) leads to an expression for 
435
Hydrogeological modeling is the best way to integrate all available information in a site.
436
Moreover, it is required in any professional report. Models should embed natural 437 heterogeneity, but information is never sufficient. We contend that the only way to deal with 438 modern hydrogeology problems is by relying on stochastic modeling, being the mathematically 
444
Geological architecture is critical; any model that hopes to resemble reality must incorporate 445 as detailed geology as possible. Geology controls the location of high/low conductivity areas
446
and the presence of conducting connected features. This is known by practitioners and so
447
profusely used in deterministic modeling, but most times it is neglected in stochastic models; 448 so, the general impression is that deterministic models provide the most robust results.
449
When analyzing flow problems, deterministic and stochastic methods are mature, and 450 numerical codes for forward and inverse problems exist. It is time that we start (or keep)
451
teaching stochastic modeling and advocate for its use, allowing a (most probably slow)
452
permeation of the ideas among practitioners.
453
The situation is quite different for problems involving solute transport. There is a strong 
494
(achieved by field investigation), followed by the solution of the flow and transport equations.
495
We fully agree with them that we need data and that the community has developed new and
496
promising methods to get them. But the question still remains regarding the spatial resolution,
497
data support window, and how these data can be used as input into models. This is another 498 message to convey to practitioners: data is not error free, it is scale-dependent, and 499 interpretation methods are not innocuous, but rather transfer our own view of processes. Our 500 main point of disagreement is that we claim that full aquifer characterization goes beyond 501 statistical descriptions only and should be conditioned on actual data.
502
We also appreciate the interesting contribution of Fogg and Zhang (2016 
516
As a final statement, we want to stress the need to educate students on stochastic modeling,
517
as well as the need to convey the message to practitioners, stakeholders and politicians that 518 using deterministic modeling is something they cannot afford, as it would mean providing 519 incomplete and misleading answers. Instead, all results should be given in probabilistic terms,
520
rather than providing a single value with a zero probability of being correct. 
